Redox-driven ion transfer processes accompanying p-doping and undoping were investigated for poly(3,4-ethylenedioxythiophene) (PEDOT) films. The PEDOT films were potentiostatically grown from acetonitrile solutions of monomer onto the Au electrodes of 10 MHz AT-cut quartz crystal resonators. The films were then sequentially exposed to 0.1 M LiClO 4 /CH 3 CN solution and to two deep eutectic solvent (DES) media, Ethaline 200 (choline chloride and ethylene glycol in 1 : 2 molar ratio) and Propaline 200 (choline chloride and propylene glycol in 1 : 2 molar ratio). In each case, the electron and ion transfer processes accompanying PEDOT redox switching were investigated using the EQCM. The maintenance of film electroneutrality was achieved in quite different ways in the three media. In contrast to anion transfer domination in 0.1 M LiClO 4 /CH 3 CN solution, cation transfer (in the opposite direction) was dominant in Ethaline 200. In Propaline 200, a two stage mixed mechanism was observed, with cation transfer domination in the early stages of p-doping (later stages of undoping) and anion transfer domination in the later stages of p-doping (earlier stages of undoping). The roles of thermodynamic and kinetic factors in these competitive situations were explored by observing the effect of experimental timescale (potential scan rate) in voltammetric experiments.
Introduction
Ion transport dynamics are central to the characteristics of electronically conducting polymers and to their performance in a range of practical devices involving electrochemical switching of polymer films between doped and undoped states. The source or sink of these ions (colloquially, "dopants") is the bathing electrolyte, commonly a salt dissolved in a molecular solvent. The availability of the ions in the electrolyte, their interfacial transfer into the polymer film and their transport within the film are widely recognized to be dependent on the nature of the molecular solvent and the extent to which it permeates and plasticises the polymer. Recently, there has been considerable interest in the use of conducting polymer films in liquid media that contain no molecular solvent (ionic liquids and deep eutectic solvents). In order to realize the many attractions of such media it is clear that the ion dynamics of the system must be understood and controlled. However, the absence of "solvent" in the conventional sense means that it is unclear whether one can simply import into this context the wealth of knowledge acquired for conducting polymers in molecular solvents. Here we report observations on a widely studied and exploited conducting polymer, poly (3,4-ethylenedioxythiophene) (PEDOT) , that show how the absence of a molecular solvent can dramatically influence ion dynamics associated with conducting polymer doping and undoping.
The novel electronic properties of conducting polymers make them attractive materials for a range of (electro)chemical applications; the huge literature describing characterization of these properties and their exploitation has been reviewed elsewhere [1, 2] . The common feature upon which their many applications are based is the presence in the polymer backbone of a conjugated π-electron system, which can act as a source/sink for electronic charge, i. e. the site of oxidation (p-doping) and/or reduction (n-doping), to generate partially filled bands containing charge carriers of high mobility. Many of the materials that fulfil this criterion and that are amenable to electrochemical formation and redox manipulation are derived from pyrrole, thiophene and aniline and their substituted derivatives [1, 2] .
Here we focus on a widely studied member of the polythiophene family, poly(3,4-ethylenedioxythiophene (PEDOT). Monomeric EDOT can be oxidatively polymerized by both electrochemical and chemical methods, in each case yielding a p-doped polymer with high conductivity (up to 500 S cm −1 ) [1, 2] . PEDOT has been explored as the active or support material in a variety of applications encompassing charge storage devices [3] , micro-electrochemical [4] and organic thin film [5] transistors, antistatic coatings [6] , photovoltaic energy conversion [7] , electrochromic and optical display devices [8, 9] , corrosion protection coatings [10] , drug delivery [11] , biosensors [12] , electrocatalysis [13] , memory devices [14] , fluid handling devices [15] and mechanical actuators [16] .
In exploiting a range of conducting polymer materials, all of the above applications require polymer (un)doping, i. e. the extraction or injection of electronic charge and the consequent exchange of ions (dopant) with the ambient medium. Surprisingly, given the wealth of investigation in this field for PEDOT [17] [18] [19] [20] [21] [22] [23] [24] and other conducting polymers [25] [26] [27] [28] , the redox mechanisms of many conducting polymers are far from fully understood. At the outset, (un)doping involves exchange of electronic charge between the underlying electrode (the "dry" interface) and the contacting macromolecular chains. The net rate and extent of these processes are readily monitored by the current and charge, respectively. The electroneutrality condition dictates that ions be exchanged at the "wet" interface between the polymer and the bathing electrolyte. However, this criterion may be satisfied in a variety of ways; for example, film oxidation (p-doping) may be accompanied by counter ion (anion) injection, by co-ion (cation) ejection (if there is salt initially present in the film) or by some combination of both processes.
The balance of these competing ion transfers may be under thermodynamic or kinetic control, according to a range of factors such as electrolyte concentration and polymer charge state in the former instance or anion/cation size and geometry in the latter instance. When the electrolyte is dissolved in a molecular solvent, one can also show that thermodynamic activity constraints demand transfer of solvent [29] , although predicting the direction and extent of this process is generally an under-determined problem [30] . Interestingly, this can lead to so-called "history effects" or "memory effects", in which slow polymer reconfiguration processes cause the film to retain some memory of the size and/or shape of previously entrapped ions and molecules. Visualization of the relationships between these film states and of their redox-and environmentally-driven interchange has been described in terms of scheme-of-cubes models [31, 32] .
Practically, the result of this cascade of variable timescale (electro)chemical and physical processes is slow evolution of film structure and composition that lead to apparent drift of behaviour, and thus of performance in a device. The underlying phenomena are controlled by polymer dynamics, which have been explored via high frequency (MHz regime) rheological properties for PEDOT [33] and polyaniline [34] . In the context of a charge storage device, the instantaneous polymer configuration defines the matrix through which the charge-compensating ions must move; analogous arguments apply to a range of analytical and catalytic devices in which the transport process of interest relates to reactant permeation of the film. In the context of a mechanical actuator (used as a prosthetic device or artificial muscle), the polymer matrix defines the force and the timescale on which it can be exerted [35] . Overwhelmingly, the above fundamental studies and their application to practical devices have been explored in the context of electrolytes dissolved in molecular solvents. Whilst water has many desirable properties in this respect, the electrochemical potential window it presents can limit the choice of conducting polymer and both the type (n-vs p-) and extent of doping. Although a number of organic solvents offer greater freedom in this respect, their flammability and/or toxicity may exclude them from use in practical applications. To overcome these issues, a class of materials that has attracted considerable recent interest is ionic liquids [36, 37] . Simplistically, ionic liquids are described as salts that are liquid at temperatures below 100
• C and, as their name implies, they are composed entirely of ions. While the hygroscopic nature of the early aluminium chloride-based systems hindered their use in a number of applications, a range of ionic liquids based on very different chemistries has been developed to avoid this problem and offer negligible vapour pressure, noncombustibility, ionic conductivity and large electrochemical potential windows. These properties make them attractive for electrolytes in batteries, actuators, electrochemical synthesis and diverse electrodeposition processes.
Deep eutectic solvents [38, 39] (DES) represent a further development of the ionic liquid concept. They comprise two components, a quaternary ammonium salt (QAS) and a hydrogen bond donor (HBD). Like ionic liquids, they offer a fully ionic medium at low (ambient or close to ambient) temperatures, although the chemistry by which this is achieved is somewhat different, with the hydrogen bond donor acting as a complexing agent for the anion. In the present study (see below for details), the QAS was choline chloride and the HBD was either ethylene glycol or propylene glycol; when combined in 1 : 2 mole ratio of QAS : HBD, these formulations are referred to as Ethaline 200 and Propaline 200, respectively. Both provide excellent media for electrochemistry: they have wide electrochemical windows, are tolerant to moisture (allowing use without stringent atmospheric control systems) and have low vapour pressures and toxicity.
The over-arching goal is an understanding of ion dynamics in response to the electrochemical manipulation of PEDOT in DES media. The primary specific goal was determination of the individual contributions of cation and anion to maintenance of electroneutrality. Within this, there is a need to determine how the balance of these competitive transfers responds to applied potential, timescale (scan rate in a voltammetric experiment) and injected charge (polymer doping level). The second objective was to determine the effect, if any, of changing anion size via the identity of the coordinated HBD. The third objective was, based on the functional dependence of the transient responses, identification of the rate limiting process, for which interfacial transfer(s) and film phase diffusion are the most obvious candidates. The fourth objective was to ascertain if extended redox cycling led to deterioration of film performance, whether in terms of diminished charge storage capacity, slower response or longevity. Finally, in pursuit of explanation of the above aspects of film ion population change, we wished to estimate the absolute population of DES in the undoped film; this defines the scale of the reservoir of (cationic) species that might be ejected as a more facile alternative to anion injection. These objectives were addressed by EQCM measurements. Since it is widely appreciated that the acoustic resonator response may be gravimetrically or viscoelastically controlled [33, 34, 40] a pre-requisite is establishment of conditions under which the PEDOT-loaded acoustic resonator response can be interpreted gravimetrically. This is important in the present work, since there was a deliberate focus on thicker films than were studied in previous studies of ion (and solvent) transfer in molecular solvent media [21, 22] .
The novelty of this work lies in the fact that the huge influence of solvent (on both mobile species and polymer dynamics) in molecular solvent systems is removed: since the glycol component is complexed, there simply are no neutral molecules. As a consequence, ion-polymer interactions determine film composition and ion dynamics alone determine film dynamics. This generates a fundamentally unique scenario with new opportunities for optimising film and device performance.
Experimental

Reagents
Choline chloride (ChCl), ethylene glycol (EG), propylene glycol (PG), acetonitrile, lithium perchlorate, and 3,4-ethylenedioxy thiophene (EDOT) were all supplied by Sigma Aldrich and used as received. Ethaline 200 and Propaline 200 were formed by stirring the components together at 50
• C, until a homogeneous liquid formed; the formulations were ChCl : EG = 2 : 1 and ChCl : PG = 2 : 1 mole ratios, respectively. The formulated liquids were stored at 50
• C prior to use.
Instrumentation
A standard 3-electrode electrochemical cell machined from PTFE was used for the electrochemical measurements. The working electrode was the Au electrode of an ATcut 10 MHz quartz resonator (ICM Manufacturing, Oklahoma City, USA); the piezoelectrically active area was 0.23 cm 2 . The counter electrode was an Ir-coated Ti mesh. An Ag/AgCl wire exposed to the chloride media was used as a reference electrode; this has been shown to provide a stable reference potential in choline chloride based eutectics [41] . To provide a link to other data, we used the ferri-/ferrocyanide couple as a calibrant: the E 0 of this couple (approximated as the mean of the anodic and cathodic peak potentials in slow scan voltammetry) was found to be 0.227 V in Ethaline 200 and 0.185 V in Propaline 200. (The choice of ferri-/ferrocyanide couple, rather than the more commonly used ferricenium/ferrocene couple, as a calibrant was made on solubility grounds: in the media and under the conditions used, the former is readily soluble but the latter is not.)
Cyclic voltammetry and chronoamperometry were conducted using a μAUTOLAB type III potentiostat controlled using GPES software. QCM responses were acquired as the full admittance response in the vicinity of resonance (ca. 10 MHz) using a network analyser (Hewlett Packard 8751A) interfaced with the potentiostat. Dependent on conditions, the sweep width varied from 20-200 kHz. Direct measurements of polymer thickness were made ex situ using an AFM (Digital Instruments, Dimension TM 3100).
Procedures
PEDOT films were deposited potentiostatically (E = 1.2 V, t = 30 s) from monomer solution containing 0.05 M EDOT in 0.1 M LiClO 4 /CH 3 CN at room temperature (20 ± 2 • C). No attempt was made to exclude dissolved oxygen. After deposition, the filmcoated electrodes were removed from the deposition solution, rinsed with deionized (Millipore) water, then transferred to the selected medium for electrochemical characterization. By design, this procedure generated films of nominally identical coverage. In practice, small variations in coverage were observed; these are probably attributable to solution mass transport effects at longer times, when diffusion is slow and stray convection may enhance monomer transport to the electrode. However, values of the film deposition charge (Q dep , which we report for individual films) lay within a narrow range and the films showed qualitatively similar behaviour, i. e. did not span coverage regimes with different characteristics (for example, associated with a structural or morphological variation). As described below, quantitative variations in response (principally mass change) were straightforwardly attributable to changes in coverage and the interpretation (in terms of molar mass) normalised out these minor variations.
An important complementary feature to the above film-to-film reproducibility levels is the reproducibility of current and mass responses over time and with potential cycling for a given film. The latter is of particular importance in practical applications and will be presented in detail elsewhere [42] . However, for the purposes of the present study, it is clearly important to establish that film responses (in a given medium and for a given potential scan rate) are reproducible, thereby allowing any observed variations to be attributed reliably to variations of physicochemical parameters. The criterion we took was that the film deposition and handling protocols (see above) generated films whose electrochemical and gravimetric responses were constant within 5% or better over the course of 50 potential cycles.
In transfers between different solutions it was necessary to avoid any "memory" effect of the prior medium of exposure. To accomplish this, all polymer films were immersed in the new medium then potential cycled three times (at a scan rate, v = 200 mV s −1 ; − 0.3-1.0 V) in the chosen electrolyte prior to acquisition of data. This protocol generated reproducible responses; failure to employ this protocol resulted in irreproducible responses. Cyclic voltammetric measurements were carried out at scan rates of 2, 5, 10, 20, 50, 100 and 200 mV s −1 . When acoustic admittance spectral data were simultaneously acquired, instrumental constraints limited the upper scan rate to 20 mV s −1 . Diagnosis of whether the acoustic resonator response was gravimetrically or viscoelastically determined was made on the basis of the resonant admittance (see below) [33, 34] . Under conditions where dissipation in the film was not significant, a full spectral fit was made to the acoustic resonator response to yield the resonant frequency, which was then interpreted gravimetrically using the Sauerbrey equation [43] . Figure 1 shows selected admittance spectra during a representative PEDOT film electrodeposition from acetonitrile solution. The electrochemical responses were typical of those found for PEDOT and other conducting polymer films; since these provide no new information, we do not dwell on these further. The drop in resonant acoustic admittance in the deposition solution is sufficiently small (i. e. energy dissipation in the film is sufficiently low) in the early stages of deposition that the Sauerbrey equation can be used to interpret the shift in resonant frequency. By the end of film deposition, even though the relative frequency change is only ca. 1.2% (within the commonly used criterion of < 2% for application of the Sauerbrey equation [17] ), the drop in resonant admittance is substantial. Thus, one must consider the possibility that viscoelastic effects may be significant, to the extent that resonant frequency change may not be a simple measure of film mass and thus thickness.
Results and discussion
Film deposition
For the film of Fig. 1 , the deposition charge was Q dep = 16.3 mC. Assuming efficient deposition and a doping level of 0.3 [21, 33] , we obtain a coverage (expressed in terms of EDOT units) of Γ = 320 nmol cm −2 . In the hypothetical case that the film were solvent-free and collapsed to a dense uniform slab of polymer, one could convert the coverage to a collapsed dry physical thickness (h 0 f ) by multiplying the coverage by the molar volume of a mer unit in the polymer chain. We make the approximation that the latter is the same as the monomer molar volume (V 0 ), which is readily calculated as the quotient of molar mass and density; specifically, V 0 = 106.8 cm 3 mol −1 . For the example shown, the result of applying this procedure and approximation is h [33] . Polymer dynamics (manifested here in terms of viscoelastic effects) are dramatically influenced by the permeation of small molecules, notably molecular sol- vents, which act as plasticisers. The extent of solvent permeation varies dramatically with such features as solvent polarity and polymer charge state, so one cannot generalise the behaviour of a given polymer when transferring between different media, here acetonitrile and DES. The latter media represent extreme cases, since DESs in principle (and in practice, to the extent that HBD coordination is stoichiometric) contain no free neutral molecules that could act as plasticisers. Hence, the key characteristic is not the behaviour of Fig. 1 , but rather the acoustic admittance response when the films are immersed in the media of interest, Ethaline 200 and Propaline 200.
In the light of the above considerations, one must consider the acoustic admittance spectra of the films after transfer to Ethaline 200 and Propaline 200. Representative data are shown in Figs. 2 and 3 . In order to make the direct comparisons required, the crystal was sequentially exposed to the three media before PEDOT deposition, then PEDOT was deposited (from CH 3 CN), and finally the polymer-coated crystal sequentially exposed to the three media after PEDOT deposition. Comparison of the immersed and emersed crystal responses for both DES media shows that the dissipation of acoustic energy is considerable. However, comparison of the data for the bare and polymer-coated crystals shows that this energy loss is overwhelmingly attributable to the high viscosity of the bulk DES, rather than to the polymer film. Hence, the film response can be interpreted gravimetrically. As an aside, we note that the practical consequence of the high dissipation of the ambient medium is that the simple QCM circuit does not result in free oscillation of the crystal with the traditional simple oscillator circuitry [44] . This is the reason (see Experimental) why it was necessary to drive the resonator and acquire (and fit) the full admittance curve, even though only the peak resonance coordinates were required. The above EQCM data provide coulometric and gravimetric assays of the amount of PEDOT deposited. To complement these, we also obtained AFM images of a number of PEDOT films (deposited according to the protocol described above) in order to estimate a physical thickness, h f , where (cf . above) we deliberately omit the zero superscript to indicate that there is no presumption about film collapse. The cauliflower-like surface morphology was typical of electrochemically deposited PEDOT and other conducting polymers for the thiophene family; nothing unusual of a structural nature was observed. For the specific case of the film of Fig. 1 , the average thickness of the (dry) film was h f = 0.8 μm. Undoubtedly, the uncertainties of averaging across a rather rough film will play some role, but the predominant source of the difference is the fact that removal of solvent does not result in the polymer collapsing into all the resultant voids and packing to a density similar to that of the crystalline state (the assumption inherent in using monomer molar volume as a conversion factor to convert moles of deposited material to a physical thickness). Ignoring the lesser effect of ambiguity in the thickness averaging process, the outcome is that this particular film contains a volume fraction of ca. 0.5 of void space, which is filled with the ambient solvent when immersed. Across a number of films studied, a more typical void volume fraction was ca. 0.4. The significance of this (for which the distinction between 0.4 and 0.5 makes no substantive difference) is discussed below: to signal this ahead, it demonstrates that the film contains adequate sources of charge-neutralizing ions without recourse to those in solution, should this prove to be kinetically expedient.
Electrochemical responses of PEDOT in different media
Before identifying the ion transfers underlying film (dis)charge, we consider the net result of film redox switching in terms of the i − E responses of PEDOT films exposed to the two DES media and compare these to the established behaviour in acetonitrile as a representative molecular solvent. Figure 4 shows voltammetric responses for a PEDOT film exposed to Ethaline 200 and Propaline 200 at the two extreme values of potential scan rate explored. For comparison purposes, the analogous responses for the same film exposed to LiClO 4 /CH 3 CN are also shown. Within each panel, it is clear that both the waveshapes and the charges (integral responses) differ between the different media. Between panels, for each electrolyte, it is clear even at the level of casual inspection that the currents do not scale linearly with scan rate. We therefore conclude that, at least on the timescale of the faster scan rate, full redox conversion is not effected for a film of this thickness in any of these media. This situation is representative of the relatively thick films one might use in a practical device, for example a lightweight battery electrode. The next objectives are therefore identifying the underlying kinetic or transport process(es) that control redox conversion and the species involved. Differences in waveshape between the different media and variations in waveshape as a function of timescale (potential scan rate) within a given medium complicate the analysis of (peak) current with potential scan rate. To avoid these issues, we consider the integral responses (charge) as a function of potential scan rate. These data are shown in Fig. 5 for the p-doping and undoping processes; the double logarithmic format is chosen both for presentational purposes to spread the data, but more importantly to explore the possibility of a simple power law dependence.
The progressive decrease in charge passed with increasing scan rate (decreasing timescale) shows that there is incomplete redox conversion of the film in all media. (The exception to this trend at very low scan rates for CH 3 CN does not have a simple explanation, but is peripheral to the primary goals and in any case does not contradict the assertion regarding incomplete conversion.) It is instructive to consider the ratio of charges for complete redox conversion (0.3 e/EDOT unit) and for film deposition (2.3 e/EDOT unit). Applying this to the film deposition charge, 18.34 mC for the film shown, leads to a redox charge of 2.37 mC. Ignoring the apparent anomaly at very low scan rate, the responses in CH 3 CN are relatively independent of scan rate and correspond to ca. 40% of the available redox charge. In Propaline 200, the maximum charge extracted (at low scan rate) is ca. 30% of that available; this value falls with increasing scan rate. Interestingly, in Ethaline 200, the low scan rate value approaches the maximum available charge. For redox switching in the two DES media, the slopes of the log(Q/mC) vs log(v/mV s −1 ) plots lie in the range −0.30 to −0.33. While this is not as large as the value of − 0.5 characteristic of a diffusionally controlled pro-cess, it is closer to this than the value of zero that would be seen for full film redox conversion.
The data presented above provide an overview of charge transport in PEDOT exposed to the DES media and permit comparison of the net rate and extent of charge. However, they provide no explanation of the observed effects at a molecular level. One might reasonably speculate that differences in ion sizes and mobilities in the two DES media are important: the following section explores this notion directly using the QCM to monitor redox-driven ion transfer processes between the PEDOT film and each DES.
Gravimetric observation of redox-driven ion transfers
Previous work has shown that the chloride anion is coordinated by the HBD [36] so, for the stoichiometry of the formulations used, the anionic species in Ethaline 200 is EG 2 Cl − and in Propaline 200 is PG 2 Cl − . These species will have different transport rates -one would anticipate that the larger PG 2 Cl − will move slower -and will have different volume requirements for their accommodation in the film. It is widely recognized that there is a dramatic effect on p-doping/undoping for a number of polyheterocycle conducting polymers when one replaces a small spherical anion (typified by perchlorate) with a large or irregularly shaped anion in a molecular solvent and this has indeed been observed for PEDOT [19] . It is therefore entirely reasonable to anticipate that, firstly, the ion transfer dynamics in these DES media will be very different to those in CH 3 CN and, secondly, that EG 2 Cl − and PG 2 Cl − will compete somewhat differently with the choline cation for the role of charge balancing ion. Figures 6-8 , respectively, show selected EQCM data for redox switching of the same PEDOT film in Ethaline 200, Propaline 200 and LiClO 4 /CH 3 CN, respectively. Significantly, the film mass response on this timescale shows closure (i. e. returns to the initial value at the end of the potential cycle), so there is no need to consider irreversible ageing or evolutionary effects of film composition in rationalizing the data. Qualitatively, the results are quite different in the three media.
In LiClO 4 /CH 3 CN, one sees the anticipated (and previously reported [17] ) result that film mass increases upon polymer p-doping. At a qualitative level, this has the simplistic explanation that removal of electronic charge at the Au/PEDOT interface to create positive charge sites in the polymer is compensated by entry of perchlorate counter ions at the PEDOT/solution interface, causing the film mass to increase. In Ethaline 200, the film mass decreases throughout PEDOT oxidation. Qualitatively, this is consistent with dominance of cation transfer, but in the opposite sense to anion transfer seen in LiClO 4 /CH 3 CN, i. e. cation ejection during film oxidation and injection during re-reduction to the undoped state. Finally, in Propaline 200, the outcome is an unprecedented "V"-shaped response: a substantive mass decrease during the initial phase of PEDOT oxidation, followed by a sharp transition to a substantive mass increase, almost restoring the initial mass. By inference from the LiClO 4 /CH 3 CN and Ethaline 200 responses, this signals dominance of a cation-based mechanism during the first part of PEDOT oxidation and of an anion-based mechanism during the later stages of PEDOT oxidation. In the undoping half-cycle the transition is not quite as abrupt, but the response broadly re-traces that for the doping half-cycle. It is worth pointing out that simple "end-to-end" measurements of the overall mass change would have completely missed this phenomenon.
More detailed understanding requires that the mass changes be quantified; the outcomes are expressed in the standard form as molar mass changes (mass change per mole of electronic charge transferred), defined by Δm F/Q (see Table 1 ). We do not dwell unduly on the data acquired in LiClO 4 /CH 3 CN, since this is effectively a "link" experiment, intended to give connection to the literature involving molecular solvent systems. The molar mass change is somewhat less than the value of 99.5 g mol −1 that would result for transfer of perchlorate counter ion alone. The implication (although more complex situations have been described in other molecular solvents [21, 22] ) is that anion entry is accompanied by solvent expulsion. At the slowest scan rate (longest timescale) employed, this corresponds to ca. 1.3 solvent molecules per anion, decreasing at the highest scan rate employed to ca. 0.9 solvent molecules per anion, presumably since solvent transfer is slower.
To assess the data for PEDOT oxidation in Ethaline 200, we recall that the molar masses of the Ch + and EG 2 Cl − are 104.2 and 159.6 g mol −1 , respectively. As discussed above, the sign of the molar mass change unequivocally signals dominance of Ch + ejection. At the lowest scan rate, the molar mass exceeds the molar mass of choline; this can only be due to the ejection of species that are net neutral. In a molecular solvent medium the obvious candidate (see above) would be solvent itself. However, in the DES, "solvent" corresponds to equal numbers of moles of Ch + cation and EG 2 Cl − anion (although there is no implication regarding ion association). Although the chemistry is somewhat different, this is reminiscent of the transfer of salt (equal moles of cation and anion) in the terminology of the ion exchange literature. Irrespective of the termi- nology, the amount ejected in the present case is small, ca. 0.07 moles of "salt" per mole of cation. An obvious pre-requisite for both these processes is the prior presence of "salt", i. e. DES, in the film. Since cation ejection predominates throughout, there must be at least equimolar amounts of DES in the undoped PEDOT film. Recalling the earlier conclusion that the "dry" films have a void fraction of ca. 0.4, presuming a maximum doping level (counter ion demand per EDOT unit) of 0.3 and ignoring density effects, the ratio of Ch + EG 2 Cl − to polymer cation sites is ca. 1.9. Thus, we deduce that -in the absence of other factors -there is a more than adequate reservoir of Ch + ions in the film to satisfy a pure cation ejection mechanism. As the scan rate is increased, we find that the molar mass decreases. This implies diminishing participation of the "salt" ejection process, which is not field-driven. Further, it implies that there is a mixed cation ejection + anion injection mechanism. At the highest scan rate used (v = 20 mV s −1 ), we calculate that the ratio of these two contributory processes is 0.86 : 0.14. The small transport number for the anion is consistent with its larger size and presumably lower mobility.
The electroneutrality maintenance mechanism when PEDOT is exposed to Propaline is clearly more complicated. During the first, cation transfer dominated, stage we interpret the low scan rate data (molar mass less than choline molar mass) to signal a mixture of cation and anion transfers; at the slowest scan rate, the transport number of cation (anion) is 0.79 (0.21). At v = 10 mV s −1 , one can use the same qualitative argument and deduce a cation transport number of 0.89, i. e. approaching unity. Above this scan rate, the observed molar mass is greater than that of choline, so we can only deduce that the anion transfer as a mechanism for electroneutrality maintenance is no longer operational, and the additional mass must be balanced amounts of anion and cation ("salt" in the parlance of the ion exchange literature or "solvent" in the parlance of the DES literature). The extent of this is not dramatic (less than 0.5 [Ch + ][EG 2 Cl − ] per polymer cation site (ca. three EDOT units). It is not obvious why this contribution increases with increasing scan rate, but the data are unequivocal. During the second, anion dominated, stage analogous arguments show that the cation transport number varies modestly, from 0.29 at low scan rate to 0.44 at high scan rate. There is no evidence for additional salt transfer in this regime.
The abrupt change in mechanism for PEDOT redox switching in Propaline 200 is, even if not unique, certainly very unusual. It is therefore interesting to pursue the nature of this process in more detail. An immediate question is whether the change in mechanism is driven by thermodynamic or kinetic factors. In the former instance this might, for example, relate to the availability in the undoped film of DES ("salt" in the terminology of ion-exchange), from the constituents of which cation might be ejected. The discussions above regarding film void volume suggest that there is more DES present in the uncharged film than there are latent polymer cation sites, so total depletion of the cation reservoir can be ruled out. Another thermodynamically determined possibility might be that the DES-swollen film might not be able to swell further to accommodate the large PG 2 Cl − anion. Irrespective of the underlying chemistry, the generic characteristic of thermodynamic control would be a Δm − E signature that was independent of timescale (here, potential scan rate). The data in Table 2 unequivocally show that this is not the case: the switchover shifts to progressively more positive potentials in both scan directions as the potential scan rate is increased. We therefore reject the hypothesis of thermodynamic control of the mechanistic switching point.
In the direction of PEDOT oxidation, the charge passed at mechanistic switchover is not constant either in absolute terms or in fractional terms (based on the charge passed at the individual scan rate). Although there is no strong trend, it is obvious that the cation/anion competition is much less symmetrical at low scan rate. In the direction of PEDOT + reduction, the film charge state at mechanistic switchover is relatively independent of scan rate (at 1.35 ± 0.18 mC), irrespective of the significant variation of charge injected with scan rate.
A plausible explanation can be constructed based upon consideration of the likely relative rates of the four ion transfer processes involved -injection and ejection of anion and cation -as follows. Anecdotally, it is frequently observed that injection of a species into the confined environment of a polymer film is slower than ejection from it into the spatially unconstrained solution. Additionally, in any given direction of polymer/solution interfacial transfer, we would anticipate that the larger ion would be the slower moving one. Applying these ideas, PG 2 Cl − anion injection into the film would be the slowest of the four processes in the complete redox cycle. If this were the case, then the direction of reaction in which anion is ejected (generally expected to be the faster direction) and cation is injected (expected to be the faster moving ion) would show lesser variation with timescale. This corresponds to PEDOT + reduction, for which the responses summarized in Table 2 do indeed show lesser variation with scan rate. Conversely, the direction of reaction in which cation is ejected (the faster ion moving in the faster direction) and anion is injected (the slower ion moving in the slower direction) would show greater variation with timescale, based on the latter process. This corresponds to PEDOT 0 oxidation, for which the responses summarized in Table 2 do indeed show greater variation with scan rate and in particular the point at which anion manages to participate.
Conclusions
Ion dynamics driven by the redox switching (p-doping and undoping) of PEDOT films exposed to Ethaline 200 and Propaline 200 DES media respond to DES composition, film charge state and experimental timescale. The most notable observation is that the individual contributions of cation and anion to maintenance of electroneutrality are different in these two media and to what is commonly observed in molecular solvents (typified here by LiClO 4 /CH 3 CN).
Were the anion in the DES media simply chloride (a small spherical anion, analogous to perchlorate), one would expect dominance of anion transfer. However, this is not what is observed, since the DES formulation and coordination chemistry results in a complex anion: EG 2 Cl − in Ethaline 200 and PG 2 Cl − in Propaline 200. These larger anions are less mobile and less readily accommodated in the polymer film. Thus, in Ethaline 200, electroneutrality is maintained predominantly by cation transfer -ejection during PEDOT 0 oxidation and injection during PEDOT + reduction. That this is not the sole process is signalled by the facts that the normalised mass change is not exactly equal to the choline cation molar mass and that there is hysteresis (albeit modest) in the mass-charge plots. At low scan rates, there is a small amount of "solvent" (balanced anion+cation) transfer in the same direction as the cation, and at moderate scan rates there is a small amount of anion transfer in the opposite direction, although the cation transport number is still close to unity.
In Propaline 200 the situation is different to both the anion-dominated situation in CH 3 CN and the cation-dominated situation in Ethaline 200. Commencing from a fully reduced (undoped) PEDOT film, the initial part of polymer oxidation is accompanied by dominant cation ejection and the later stages by dominant anion injection. Considerations of the polymer and solvent volume fractions within the film indicate that the mechanistic change is not dictated by exhaustion of the film-based reservoir of cation (initially present in charge-balanced amounts with anion, as "solvent"); there is more than adequate DES in the film to act as a source of choline cation throughout PEDOT 0 oxidation. The potential at which the mechanism changes from cation-to anion-dominance is timescale (scan rate) dependent, so it is not dictated by thermodynamic factors.
The asymmetry with potential scan direction of the behaviour of the mechanistic changeover and its response to potential scan rate suggest a mechanism that is con-trolled by the relative transfer rates of both anion and cation into and out of the film. Even at modest potential scan rates, there is marked departure from equilibrium during PEDOT 0 oxidation, which demands a combination of the faster ion in the faster direction (ejection of the smaller ion, choline) with the slower ion in the slower direction (injection of the larger ion, PG 2 Cl − ). The thermodynamic balance of these two is more readily perturbed than the reverse process, in which the larger and intrinsically slower ion (PG 2 Cl − ) moves in the more facile direction and the smaller and intrinsically faster ion (Ch + ) moves in the more difficult direction. The scan rate dependence of the overall charge transfer suggests that diffusional effects underlie these processes.
Viewed more generally, there are significant lessons to be drawn from these observations. In molecular solvent systems the critical role of the solvent is widely appreciated: while it cannot contribute directly to the maintenance of electroneutrality, its effect on ion mobility and polymer dynamics (often expressed in terms of polymer viscoelasticity or local viscosity) can be profound. DES media of the type studied here are quite different in that, as a consequence of coordination chemistry, there simply are no neutral molecules. Consequently, ion-polymer interactions determine film composition and ion dynamics alone determine film dynamics.
